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TITLE OF THE INVENTION 

Control system for a wind power plant 



The present invention relates to a control system for improving the efRclency 
of wind power plants. 



BACKGROUND OF THE INVENTION 

The annual energy output to be obtained by a wind turbine decisively depends, 
apart from the performance of the generator as Installed, on the rotor diame- 
ter Thus, for Increasing the efficiency, it is desirable to use rotors of the larg- 
est possible size. However, when enlarging the rotor diameter while otherwise 
operating the plant under the same conditions, difficulties arise because the 
stresses acting on the rotor, the nacelle, the tower and the foundation will In- 
crease at least by the second power of diameter. Presently usual ratios be- 
tween the performance of the generator as installed and the rotor area (rat- 
ing) are in a range from 460 to 330 W/m^, the latter value pertaining to pitch- 
regulated turbines optimized for inland use. 

According to an approach frequently used in wind energy technology, an exist- 
ing turbine to be used in sites with weak winds can be retrofitted to have a 
larger rotor diameter, with the switch-off speed being lowered from e-g, 25 
m/s to 20 m/s to safeguard that the stresses will remain in the allowable 
range. 

Further, in plants with blade adjustment (pitch-type plants), it is a usual prac- 
tice to adjust the rotor blades towards the direction of the feathered pitch al- 
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ready before the rated power is reached, thus reducing the stresses (particu- 
larly those acting on the tower). 

According to a more complex and longer-known approach for reducing the 
above mentioned stresses, the rotational speed of the rotors and/or the power 
output of the turbine can be decreased In case of high wind velocities. For 
technical reasons (design of the transmission and/or generator and/or con- 
verter), decreasing the rotational speed of the rotors will have the effect that 
the power output is reduced at least according to the sarne ratio. Since^ how- 
ever - as widely known (cf, for instance "The Statistical Variation of Wind Tur- 
bine Fatigue Loads", RIso National Laboratory^ Roskllde DK, 1998) - the larg- 
est part of the high stresses that tend to shorten the lifespan will occur at high 
wind velocities, the above approach is successfully used particularly at Inland 
locations for improving the efficiency of wind energy plants. Particularly at 
Inland locations, use can thus be made of larger rotors which during the fre- 
quent low wind velocities will yield higher energy outputs but upon relatively 
rare high wind velocities will have to be adjusted correspondingly. 

Further, the state of the art (DE 31 50 824 Ai) Includes an opposite approach 
for use in a wind turbine with fixed rotational speed, wherein, during high wind 
velocities with merely low turbulences, the power output of the turbine can 
supposedly be increased beyond the rated power by adjusting the rotor blade 
angle through evaluation of signals from a wind detector. 

SllMMARY QFTHE INVENTPN 

The above outlined known approach of reducing the power output In case of 
high wind velocities makes It possible - e.g. In a variable-speed pitch plant 
with a control algorithm for controlling the rotor speed on the basis of the 
pitch angle averaged over time - to obtain very high ratios between the rotor 
diameter and the generator performance without an accompanying Increase of 
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component fatigue as conr^pared to conventionally designed turbines. A rating 
of 330 to 280 W/m^ can be obtained and is economically reasonable especially 
at Inland locations. 

For reasons of safety, the design of the towers of wind power plants is on prin- 
ciple determined on the basis of very unfavorable assumptions (e.g. high wind 
turbulences and maximum wind distribution in the designed wind zone); 
therefore, in the majority of locations, considerable safety margins of the 
power output are left unused in the turbines. Thus^ the problem exists how 
these normally existing safety margins can be utilized for improving the effi- 
ciency of the turbine. 

According to the instant invention, this object is fulfilled by performing, by 
means of an already existing or additionally installed sensor arrangement with 
connected signal processing system In the wind power plants a direct or Indi- 
rect quantification of the current turbine stresses. By comparison with allow- 
able stresses (or correlating values) detected by computation or empirically, 
the turbine will always be operated with a rotor speed and a power yield which 
are optimized under the economical aspect. 

Other than In the normally used state of the art wherein the operational con- 
trol process Is provided to control the blade angle and/or the rotational speed 
according to fixed functions in dependence on power, blade angle or wind ve- 
locity, this novel control process is to be performed only to the extent required 
due to the local conditions or meteorological conditions at the respective point 
of time to thus obtain optimum efficiency. 

A simple algorithm suited for the above purpose is based on the statistical 
evaluation of one, a plurality or all of the measurement values (e,g. rotor 
speed, generator performance, pitch angle, pitch rate, wind velocity and wind 
direction) mentioned among those operating data which are anyway continu- 
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ously detected In many present-day wind power plants (e.g. variable-speed 
pitch plants). 

In the present context, the term ''statistical evaluation" Is meant to include at 
least the continuous detection of the minimum, maximum and average values 
and the standard deviation for a plurality of sliding time intervals At (30 s to 
60 min.). More-complex statistical evaluations of the operating data or the 
derivations thereof will result in a more successful control. Since wind Is a sto- 
chastically distributed value, a reasonable detection and arithmetical represen- 
tation of the measurement values can be performed only by means of distribu- 
tion and probability functions or spectra. On the basis of measurements or 
simulation computations, the correlation coefficients of the statistical data 
relative to the local and meteorological conditions and the current stresses on 
the components can be determined with sufficient accuracy. For Instance, the 
average pitch angle and the average rotor speed for a given turbine configura- 
tion are in direct relation to the average wind velocity; the standard deviation 
of the two former values allows for a conclusion on the turbulence Intensity 
(gustlness) of the wind. Thus, besides the directly measured operating data, 
also important stress data (e.g. the blade bending moment and the thrust act- 
ing on the tower) can be statistically evaluated. These actual distributions of 
the stresses or of the values directly related thereto are compared to desired 
distribution functions which have been obtained by computation or empirically. 
These desired functions can be detected for each location as suited for the 
specific application and be stored in a data memory of the control system. 

An example of a preferred embodiment of the control system using the Inven- 
tive control strategy will be explained in greater detail hereunder In connection 
with the accompanying drawing. 
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BRIEF PESCRIPTIPN OF THE PRAWING 

The sole drawing is a block diagram of the control systenn using the control 
strategy according to the instant Invention. 

DESCRIPTION OF A PREFERR ED EMBODIMENT 

In the block diagram, angular boxes are meant to represent signal processing 
systems or computing modules of a larger software package Installed In a sig* 
nal processing system. Laterally rounded boxes represent input data for the 
control system^ Irrespective of whether these data are measured on the tur- 
bine or supplied from an external source. Boxes curved on top and bottom 
represent data stores containing all data which are required for the execution 
of the control algorithm and are made available through the Internal data de* 
tection or analysis, or are supplied from external data sources. Elements rep- 
resented in solid lines are absolutely required for the control system; elements 
represented in dotted lines are optional components which Improve the func- 
tion of the control system and thus allow for a higher energy yield even 
though they will cause an Increasing complexity of the control concept. 

Schematically shown to the left of the vertical dash-dotted line in the left half 
of the drawing is a schematic representation of the control systems used ac- 
cording to the state of the art. The Input values are the operating values pro- 
vided to be permanently detected by the measurement sensors, such as the 
rotor and generator speeds nR and n^, respectively^ the electrical power Pei, 
the generator torque Mcs, the blade or pitch angle a and the pitch rate a', and 
the wind velocity Vvy and the wind direction Vdir- On the basis of these meas- 
urement values, the turbine is controlled according to an algorithm Imple- 
mented in the main computer for operating the plant (standard control). The 
regulated quantities are the pitch angle Q and/or the generator moment Mgsoii 
(e.g. also by selection of the generator stage In asynchronous turbines with 
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switchable polarity). The control loop wherein, by means of the actuators, the 
desired values are turned into actual values which then will be detected as op- 
erational values to be used as control Input values as schematically Indicated, 
has been omitted from the block diagram for better survey. 

According to the state of the art, additional measurement values (e.g. tem- 
peratures, hydraulic pressures, tower head accelerations, oil level and wear 
indications) allow for the detection of certain conditions of the plant and, If 
required, will result in shut-down of the turbine. 

In the inventive control system, the operating data are subjected to a statisti- 
cal data pick-up and are stored as spectra or distributions in a data store. Op- 
tionally, In the so-called loading model, the statistical operating data are con- 
verted Into statistical stress data by means of the correlation funrtlons ob- 
tained in the simulation computations. 

More-complex algorithms are based on additional measurement values which 
are more closely related to the stresses, and such algorithms allow for a dis- 
tinctly more precise detection of the existing distribution of stresses and thus 
for a closer approach to the limiting values dictated by the respective design, 
thus obviating the need for the safety margins necessitated In simple algo- 
rithms, 

The sensors on the turbine can be provided. Inter alia, as acceleration sensors 
on the tower head and the rotor blades, and/or wire strain gauges on repre- 
sentative points of the support structure (e.g. on the blade roots, rotor shaft, 
base of the tower). 

By Inclusion of additional wind-field data which in the Ideal case characterize 
the undisturbed onflow before the rotor, the control behavior can be consid- 
erably Improved. Generally, for this purpose, use can be made of laser-optical 
and/or acoustic (ultrasonic) measuring methods which are suited both for 
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measurements on individual points in the wind field and for measurements of 
complete wind profiles or wind fields in the rotor plane or also far before the 
rotor plane. A further Improvement of the control behavior is accomplished by 
linl<lng the control systems of the different turbines of a wind park to each 
other; the considerably enlarged data base obtained In this manner wMI safe- 
guard a faster but still statistically reliable response of the control systems. 

All of the detected spectra or distributions will be stored, preferably classified 
according to operating year, average wind velocity and turbulence Intensity. 

Upon sufficiently accurate determination of the stresses through detection of 
stress data, it appears reasonable to transform the stress changes Into so- 
called Markov matrices by use of known counting methods or on the basis of 
the average values (online rainflow counting). To this end, microchips which 
have already entered the stage of industrial production are available from the 
field of aviation and space technology. 

The distributions which have been measured or have been computed from the 
measurement data are compared to the desired distributions of the same val- 
ues. For this purpose, data on design, planning and financing are externally 
collected, input into the system and stored In a data store. Using an economy 
model, the desired distributions are derived from these data. Design data In- 
clude e.g. the allowable loading distributions for the individual components; an 
example of the planning data is the expected wind distribution at the location; 
and the financing data Include, In addition to the overall project costs, the cur- 
rent credit costs, the energy profits required according to the financing plan, 
and the current charges for power supply. Monthly updates of these data per 
remote monitoring can be used for immediate adaptation of the control system 
to changes of the basic conditions, e.g. to changes of the charges for power 
supply or of the financing costs, new recognitions on the allowable stresses on 
the components, or even Improved control algorithms. Data on the supra- 
regional annual wind distribution make It possible, on the one hand, by com- 
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parison with the measured wind distribution at the location, to perform a cor- 
rection of the planning data; on the other hand, in less favorable wind years, 
the turbine can be operated by use of a "sharper" power characteristic curve 
for keeping up with the requirements of the financing plan. 

In the operating level control unit, the thus obtained desired distributions are 
compared with the actual distributions. This way, the optimum operating level 
under the current meteorological and local conditions is computed- The regu- 
lated quantities dope (blade angle) and Meopt and nQopt (generator moment and 
generator speed, respectively) are to be understood as preset average values 
while, on the other hand, the current desired values supplied by the standard 
control system for adjustment to wind turbulences may temporarily deviate 
from these average values. 

With the availability of such a control system, it may be advisable to operate 
the turbine with higher power yield In the first years of operation in order to 
lower the financing costs as quickly as possible, whereas, In later years, a low- 
stress operation with reduced energy yield and a resultant lengthened lifespan 
may be considered optimum under the economic aspect- 

In the Ideal case, the above described control system is improved by the fea- 
ture of an on-line detection of the current energy generating costs (Cost Of 
Energy COE). For this purpose, It Is required that the loading model Is com- 
bined, downstream thereof, with a stress model for the individual components 
of the plant (a restriction to the main components, Le. the rotor blades, the 
transmission, the generator, the converter and the tower will be sufficiently 
accurate), and with a damage modeL The stress model transforms the loading 
distributions into stress distributions on representative points of the compo- 
nents and Is based on the methods applied In the design of the components. 
The results from finite element calculations can be summarized e.g. by consid- 
eration of merely a small number of compliance factors for some critical 
points. The damage model compares the existing loading influences (e.g. 
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Woehler lines) and thus computes the current component damage. (The dam- 
age of a component permits conclusions on the remaining lifespan). Therefore, 
the damage model has to rely on a data base of the material or component 
behavior which Is made available from an external source and should be of a 
modular type so as to be adaptable to the most up-to-date recognitions (e«g. 
Woehler tests on original components, practical experiences from the serial 
production) in the course of the lifespan of the turbine. Since, In the present 
state of the art, particularly the material behavior has to be estimated on a 
very conservative basis due to lack of a sufficient data basis, the above adap- 
tation feature offers a wide potential for yield increase- 

If the damage model has been suitably refined to allow for an online calcula- 
tion of the damage and thus also of the damage rate for the important main 
components, the results of such calculation can be easily used for determining 
an equivalent damage rate for the whole turbine (Equivalent Damage Rate, 
EDR). The equivalent damage rate (unit: US$/h) is a measure for the costs 
per time unit incurred by damage in the current operating condition of the tur- 
bine. The current energy generating costs can then be obtained by dividing the 
sum of the EDR and the other operating costs by the current power fed Into 
the grid. 

On this ideally refined level of the control strategy wherein the economical ef- 
ficiency of the wind turbine Is reduced to the decisive characteristic ftctor 
"cost of energy COE", the efficiency model has to be adapted to determine, as 
a value for comparison to the current COE, the maximum allowable COE where 
the turbine is still allowed to be operated- Should the current COE values be 
too high In situations with weak winds, the turbine will be taken off the grid. 
Should the current COE values be too high (n situations with high wind veloci- 
ties, the operating level control unit will lower the excessive stresses by suita- 
bly controlling the turbine, thus decreasing the COE value. Thus, by the above 
online COE determination, the optimum operating level with the lowest possi- 
ble COE values can be obtained for the current local and meteorological condl- 
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tions by use of a simple control loop. On this optimum operating level. If the 
COE values are higher than the maximum allowable COE value determined by 
the efficiency model, the turbine will be brought to a standstill until more- 
favorable conditions occur (e.g. lower turbulences or lower wind velocity). 
Thus, during low turbulences, the turbines can supply power still In case of 
much higher wind velocities than had been possible In the state of the art. 

As a further possible component, schematically illustrated In the right-hand 
edge region of the drawing to the right of the vertical dash-dotted line, a 
short-time control unit may be provided for reduction of temporary loading 
peaks. The Input data of said unit include loading data and optionally also wind 
field data, which - other than In the operating level control unit - are not 
evaluated statistically but subjected to a current value analysis; In a signal 
processing model also referred to as a loading prognosis, predictions can thus 
be made on loading peaks which will be reduced by the short-time control unit 
through limitation the pitch angle or the rotor speed. 

Therefore, particularly when using of data of neighboring wind power plants 
located upstream relative to the wind direction, the loading of the plant and 
thus also the current COE value during wind velocities above the nominal wind 
are massively reduced; notably, turbines located behind other turbines In the 
wind direction can react exactly and with a suitable delay on wind occurrences 
which have been registered in the turbine arranged upstream. Thus, the un- 
avoidable disadvantages (trailing turbulences) for the following turbines can 
be compensated for. 

For guaranteeing that the available potential of the plant will not be reduced In 
case of a possible failure of one component of the above control system, the 
operating control system should preferably be designed such that the standard 
control system illustrated on the left side of the drawing Is separated, under 
the hardware aspect, from the other components of the operating level control 
unit. Thus, should the operating level control unit be not available, the turbine 
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will nonetheless remain connected to the grid, even though It will then be sub- 
jected to the power limitation for high wind velocities as provided by the state 
of the art. 

The described control strategy Is by no means limited to the Illustrated pre- 
ferred embodiment for a variable-speed pitch plant but Is In Its essence also 
useful for pitch plants designed for fixed speeds or pole reversal, or for stall or 
active stall plants. 

Further, a large number of specific details and refinements of the system can 
be contemplated (additional measurement values, damage modules for further 
components of the plant etc.), all of them following the basic Idea of determin- 
ing the optimum operating time under the current local and meteorological 
conditions. 



